Reaction products of 2,4,6-tris(4-phenyl-phenoxy)-1,3,5-triazine derived from 4-phenylphenol cyanate ester and phenyl glycidyl ether were analyzed. In addition to an isocyanurate compound and an oxazolidone compound which were well known as reaction products of cyanate esters and epoxy resins, compounds with hybrid ring structure of cyanurate/isocyanurate were determined. Gibbs free energies of the compound having hybrid ring structure of cyanurate/isocyanurate with two isocyanurate moiety were found to be lower than that of the compound with cyanurate ring structure through calculations. Calculation data supported the existence of hybrid ring structure of cyanurate/isocyanurate. It was revealed that isomerization from cyanurate to isocyanurate occurs via hybrid ring structure of cyanurate/isocyanurate in the reaction of aryl cyanurate and epoxy.
Introduction
Cyanate ester resins have been investigated as high heat resistant thermosetting resins, with applications for * Corresponding author.
various products such as structural composites, printed wiring boards, adhesives and coatings [1] - [4] .
Scheme 1 shows reactions of cyanate ester and epoxy. Triazine rings, formed by trimerization of cyanate esters, react with epoxy resins [1] [5]- [7] . Regarding the reaction between cyanate ester resin and epoxy resin, trimerization of the cyanate ester occurs as the first step, forming a cyanurate ring. Then, secondary epoxy insertion into the ether bond of the cyanurate ring occurs [8] . Finally, isomerization from a cyanurate ring to an isocyanurate ring occurs, followed by reaction of another epoxy with isocyanurate, forming an oxazolidone structure [9] [10]. Shimp and co-workers reported the reaction product of p-cumylphenyl cyanate and phenyl glycidyl ether [5] . Korshak and co-workers reported the reaction between triphenylcyanurate and phenyl glycidyl ether [6] . Bauer and co-workers reported the reaction between p-chlorophenyl cyanate and phenyl glycidyl ether [7] . These researches didn't show partial isomerization from an alkyl cyanurate to an alkyl isocyanurate.
In this study, we investigated the reaction products of a compound with a cyanurate ring and a compound with epoxy using 2,4,6-tris(4-phenyl-phenoxy)-1,3,5-triazine and phenyl glycidyl ether as model compounds. From this reaction, we find that partial isomerization occurs, resulting in the formation of a hybrid ring structure of cyanurate/isocyanurate. Figure 1 shows the HPLC chromatogram of the reaction products, where a and b represent 2,4,6-tris(4-phenylphenoxy)-1,3,5-triazine and phenyl glycidyl ether, respectively. Many reaction products were detected by HPLC. The amount of Mw1035b, Oxiazolidone, Phenyl phenol + b and UK2 increased by extending the reaction time from 1.5 h to 11 h. Scheme 1. Reactions of cyanate ester and epoxy [1] . LC-MS identified three peaks whose molecular weight agreed with the reaction products of a and two or three molecules of b.
Result and Discussion
The compound with a molecular weight of 885 was equivalent to the molecular weight of the reaction product of a and two molecules of b. The compounds with molecular weights of 1035 were equivalent to the molecular weight of the reaction product of a and three molecules of b. ) was observed in the FT-IR spectrum. On the basis of these results, MW1035b was determined to be an isocyanurate compound (1035-3 in Figure 3 ).
MW1035a had three kinds of methine protons (Figure 4) . The chemical shifts of two methine protons (4.99 and 5.03 ppm) were almost identical to those of the methine protons of MW1035b (4.95 ppm). The ratio of aromatic proton peak integrations with those of methine and methylene protons agreed with the reaction product of a and three molecules of b. Furthermore, the ratio of the three methine proton peak integrations (CH) was 1:1:1. In addition, a carbon-oxygen double bond (1685 cm −1 ) was found in the FT-IR spectrum. These results indicated that MW1035a has a hybrid ring structure of cyanurate/isocyanurate with two isocyanate moieties (1035-2 in Figure 3) .
The 1 H NMR spectrum of MW885 showed four kinds of methine protons. The ratio of aromatic proton peak integrations with those of methine and methylene protons agreed with the reaction product of a and two molecules of b. The ratio of the four methine proton peak integrations was 0.54:0.92:0.37:0.17. This ratio does not agree with any compound among the four candidates of MW885 (Figure 2) . These results suggested that MW885 was a mixture of isomers. A carbon-oxygen double bond (1685 cm ) was also found in the FT-IR spectrum. Therefore, it is assumed that MW885 also has a hybrid ring structure of cyanurate/isocyanurate.
In the case of triallylcyanurate, Gillham and co-workers proposed the Claisen rearrangement as a possible reaction mechanism of the isomerization [11] . Shmakova and co-workers investigated the transformation on irradiation of triallylcyanurate and poly (vinyl chloride). They proposed hybrid ring structure of cyanurate/isocyanurate by using FI-IR [12] . In the reaction between cyanate ester and epoxy, formation of isocyanurate was mentioned and rearrangement from cyanurate to isocyanurate after completion of epoxy insertion was assumed [2] .
Regarding other reaction products, 4-phenylphenol was thought to be a product by hydrolysis of a with water in the air or elimination of phenyl phenol from reaction product of a and b [5] . Figure 5 shows the structure of these molecules. We are conducting further investigation of unknown reaction products (UK1, UK2, and others).
To discuss the partial isomerization from cyanurate to isocyanurate, Gibbs free energies at 298.15 K and at 1 atm of the assumed reaction products of a and b (Figure 2 and Figure 3) were calculated on the optimized structures using Gaussian 09 by using B3LYP/6-31G(d,p) [14] . Chirality of all methine carbon of the assumed products was set as S in the calculation. Table 1 and Table 2 show Gibbs free energy of the assumed products of the reaction between a and b.
Regarding isomers with molecular weight of 885, the Gibbs free energy of 885-2 was lower than that of the other isomers (885-0, 885-1 and 885-1'). Regarding isomers with molecular weight of 1035, the Gibbs free energies of 1035-2 and 1035-3 were lower than that of the other isomers (1035-0 and 1035-1). Free energy decreases sharply when hybrid ring with two isocyanuate moiety forms in both isomers with molecular weights of 885 and 1035. Scheme 2 shows the assumed reaction between a and b. According to the above discussion, the reaction route via 885-2 and 1035-2 is assumed to be the main route toward isocyanurate (1035-3) at 200˚C. These calculations result in the supported formation of hybrid ring structure in experiment.
Conclusion
In conclusion, we investigated the reaction products of 2,4,6-tris(4-phenyl-phenoxy)-1,3,5-triazine (a) and phenyl glycidyl ether (b). We found that partial isomerization occurred in this reaction, forming a hybrid ring structure of cyanurate/isocyanurate. Calculations of Gibbs free energy supported the existence of hybrid ring structure.
Experimental
4-Phenylphenol cyanate ester was synthesized from 4-phenylphenol by standard procedure [1] [2] . Phenyl glycidyl ether was obtained from Tokyo Chemical Industry Co., Ltd.
To a 100 ml single-neck round bottomed flask with a magnetic stirring bar, 4-Phenylphenol cyanate ester (4.0 g, 6.83 mmol), toluene (1.0 g), and zinc 2-ethylhexanoate (20.0 mg) were added and vigorously stirred for 2 h at 100˚C. The resultant white precipitate was filtered and washed with methyl ethyl ketone and then dried for 8 h under vacuum at 80˚C. The chemical structure of 2,4,6-tris(4-phenyl-phenoxy)-1,3,5-triazine was determined by nuclear magnetic resonance (NMR) and liquid chromatography-mass spectroscopy (LC-MS). After heating, acetonitrile (10.1 g) was added to the test tube, and the reaction mixture was dissolved. The solution was then analyzed by high performance LC (HPLC), LC-MS, FD-MS, NMR, and Fourier transform infrared spectroscopy (FT-IR).
HPLC analyses were performed using Waters HP-1100 system with TOSOH ODS-120T column. UV detection was conducted at an absorbance of 274 nm. A mobile phase was a gradient of water and acetonitrile (50% to 100% over 30 min). The flow rate was 0.5 mL/min. Mass spectra were recorded on JEOL JMS-LCmate (LC-MS) or JEOL MS-700 (FD-MS). IR spectra were recorded on a Jasco FT/IR-410 spectrometer (KBr). NMR spectra were measured on Buruker spectrometer at 600MHz 4-Phenylphenol was identified by using a commercial product (Tokyo Chemical Industry Co., Ltd.).
